The lessons learned from p-octiphenyl -barrel pores are applied to the rational design of synthetic multifunctional pore 1 that is unstable but inert, two characteristics proposed to be ideal for practical applications. Nonlinear dependence on monomer concentration provided direct evidence that pore 1 is tetrameric (n ) 4.0), unstable, and "invisible," i.e., incompatible with structural studies by conventional methods. The long lifetime of high-conductance single pores in planar bilayers demonstrated that rigid-rod -barrel 1 is inert and large (d ≈ 12 Å). Multifunctionality of rigid-rod -barrel 1 was confirmed by adaptable blockage of pore host 1 with representative guests in planar (8-hydroxy-1,3,6-pyrenetrisulfonate, KD ) 190 µM, n ) 4.9) and spherical bilayers (poly-L-glutamate, KD e 105 nM, n ) 1.0; adenosine triphosphate, KD ) 240 µM, n ) 2.0) and saturation kinetics for the esterolysis of a representative substrate (8-acetoxy-1,3,6-pyrenetrisulfonate, KM ) 0.6 µM). The thermodynamic instability of rigid-rod -barrel 1 provided unprecedented access to experimental evidence for supramolecular catalysis (n ) 3.7). Comparison of the obtained kcat ) 0.03 min -1 with the kcat ≈ 0.18 min -1 for stable analogues gave a global KD ≈ 39 µM 3 for supramolecular catalyst 1 with a monomer/barrel ratio ≈ 20 under experimental conditions. The demonstrated "invisibility" of supramolecular multifunctionality identified molecular modeling as an attractive method to secure otherwise elusive insights into structure. The first molecular mechanics modeling (MacroModel, MMFF94) of multifunctional rigid-rod -barrel pore hosts 1 with internal 1,3,6-pyrenetrisulfonate guests is reported.
Introduction
The performance of synthetic ion channels and pores depends critically on their thermodynamic and kinetic stability. [1] [2] [3] [4] [5] [6] In the case of synthetic multifunctional pores, 3, 6 kinetic stability is crucial for control and detection of chemical processes that take place within their confined and oriented internal space. Kinetic stabilities, on one hand, can be assessed from the lifetime of ion channels in conductance measurements: inert pores have a long lifetime; labile ones are short-lived. On the other hand, it is less straightforward to correlate thermodynamic stability and the performance of synthetic multifunctional pores. In general, thermodynamics of self-assembly are reflected in the dependence of fractional supramolecular activity Y on the monomer concentration c M as described in the Hill equation: 3a,7-10 Namely, the expected nonlinear dependence characterized by the Hill coefficient nsindicative for the number of monomers needed to form an active supramoleculesis observed only if the concentration c M of the inactive monomer exceeds the concentration c B of the active supramolecule clearly ( Figure  1 ). 3a,9,10 A c M profile following n > 1 is, therefore, indicative for unstable active supramolecules. Structural insights beyond n remain, therefore, elusive with (n > 1) pores because conventional spectroscopic methods report on inactive monomers. Exergonic self-assembly, on the other hand, can yield functional supramolecules that appear as (n ) 1) monomers in the Hill equation (1). 3a,10,11 Functional supramolecules characterized by n < 1 are metastable intermediates that transform into inactive supramolecular products at high c M . 3a,10,12 In practice, stable synthetic multifunctional (n e 1) pores are problematic because they already self-assemble in the media into prepores with hydrophobic outer surfaces that tend to precipitate before interacting with bilayer membranes. Endergonic self-assembly (n > 1) from a pool of hydrophilic monomers during incorporation into a bilayer membrane bypasses this solubility problem and can yield pores with excellent characteristics as long as they are inert. As with pore-forming toxins from pathogenic bacteria, 13 derivatives of antifungal natural products such as amphotericin B of practical interest, 5p or chloride channel mimics for replacement therapy in diseases such as cystic † Department of Organic Chemistry. log Y ) n log c M -n log K D
fibrosis, 5e the ideal synthetic multifunctional pore sensor may, therefore, be an unstable but inert hydrophobic supramolecule that assembles from a pool of hydrophilic precursors in the media. Here, we report the first multifunctional rigid-rod -barrel pore with these ideal characteristics (i.e., 1, Figure 1 ).
Translation of the "secret" of bacterial toxins on how to form perfect pores from hydrophilic precursors to the rational design of "ideal" synthetic multifunctional pores was challenging. Rigid-rod -barrels 2 with hydrophobic leucines (L) at the outer and catalytic histidines (H) at the inner barrel surface form synthetic multifunctional "HH pores" that are labile (single pore lifetime τ ) 12 ms) 14 and stable (c M profile with n ) 1). 15 The introduction of internal arginine-histidine dyads gives inert (τ > 1 min) 16 but stable (n e 1) 10 RH pores 3. Destabilization by external LWV triads gives unstable (n ) 4) but labile (τ < 1 ms) RH pores 4. 10 Counteranion-mediated stabilization by internal arginines (R) 16, 17 and -sheet destabilization by external tryptophans 10 have been evoked to rationalize these character- Figure 1 . Multifunctional rigid-rod -barrels as pores. Endergonic (n > 1) and exergonic (n e 1, eq 1) self-assembly of monomeric rigid-rod molecules 1 m -4 m into aqueous or transmembrane, inert or labile -barrel prepores or pores 1-4 depends on the nature of the amino acid residues at the outer (gold) and inner (blue) barrel surface (single-letter abbreviations; G ) -OCH2CO-). We caution that suprastructures in Figures 1 and 2 are in part speculative representations that are, however, consistent with experimental data and molecular models (see below).
istics. The only internal residue that served well to both destabilize undesired prepores in the media and reduce the lability of transmembrane rigid-rod -barrel pores was lysine (K). 15, 18, 19 Intermediate internal charge repulsion (ICR) 20 between partially protonated internal amines may, therefore, provide general access to the confined and oriented nanospace needed to implement chemistry within synthetic multifunctional pores, 3a,14,21 also on the single-molecule level. 3a,5t-w,21 With regard to multifunctionality, however, inner surfaces decorated only with partially protonated butylamines are not ideal. 19 Maximal multifunctionality has been identified for pores 2-4 with one internal cation to contribute to anion recognition and one internal histidine for catalysis. Over the years, these after all too stable or too labile -barrel pores have served very well as adaptable supramolecular hosts, 19, 22 (enzyme) sensors, 23 and catalysts. 14, 21, [24] [25] [26] For example, the catalysis of the hydrolysis of ester 5 into phenol 6 by HH pores 2 and RH pores 3 was characterized by a transition-state stabilization of more than 50 kJ/mol and a ground-state stabilization of 30-35 kJ/ mol (Figure 2) . 24 Preorganized ion pairing between the three negative charges of the planar substrate and internal cationic residues was proposed as the supramolecular basis of this quite remarkable example of substrate recognition.
Much indirect evidence in support of the proposed supramolecular recognition is available (independence of catalysis on substrate hydrophobicity, 14 little dependence on partial H/R mutation (2 versus 3), 24 strong dependence on ionic strength and pH, 14 and so on). Moreover, several attractive applications such as remote control of catalysis in pore 3 by electrostatic steering with membrane polarization 24 or the introduction of pyrene-1,3,6-trisulfonates as cofactors for a broad variety of otherwise inaccessible substrates 25 became possible assuming (5) The term "synthetic ion channels and pores" is used for compounds that have abiotic scaffolds (i.e., scaffolds that are not found in biological ion channels and pores) and act in lipid bilayer membranes. This optional definition does not consider ion channels and pores derived from biological peptide scaffolds [(a) Woolley, G. A.; Loughead, T. Curr. Opin. Chem. Biol. 2003, 7, 710-714. (b) Multifunctional rigid-rod -barrels as catalysts. Pyrene-1,3,6-trisulfonate substrates like 5 are thought to bind to three proximal cationic amino acid residues (here H, R, or K) at the inner surface of -barrels 1-3 to initiate catalysis at the reactive site consisting of a proximal nucleophilic/ basic amino acid residue (here H) and an electrophilic center in the substrate (here an ester). Putative catalyst-substrate complexes 1 ⊃ 5, 2 ⊃ 5, and 3 ⊃ 5 include an axial view of (pre)pores 1-3 shown in Figure 1 . the same supramolecular recognition mechanism. Although all this indirect evidence provides overwhelming support for supramolecular (n e 1) pores (2/3) as active hosts and catalysts, there is no direct experimental evidence available that excludes molecular rods (2 m /3 m ) as active species. In other words, evidence for supramolecular multifunctionality is missing.
The objective of this study was to secure experimental evidence in support of the hypothesis that the "ideal" synthetic multifunctional pore is inert and unstable. To do so, we made and studied rigid-rod -barrel 1 with internal KH dyads ( Figure  1 ). We report that the rationally designed inertness and instability of synthetic multifunctional pores formed by this new barrelstave supramolecule provide access to high-conductance pores with long lifetimes without losses in catalytic activity and to experimental evidence for supramolecular catalysis, respectively. These insights on function were, for the first time, simulated on the structural level by molecular modeling.
Results and Discussion
Synthesis of Octakis(Gla-Leu-Lys-Leu-His-Leu-NH 2 )-pOctiphenyl 1 m . The peptide-p-octiphenyl conjugate 1 m was synthesized from p-octiphenyl 1a and tripeptide 1b (Scheme 1). These two intermediates were prepared in an overall 13 steps from commercial starting materials following previously reported procedures. 14 Elongation of tripeptide 1b into pentapeptide 1c was as straightforward as expected. The N-terminus of pentapeptide 1c was reacted with the carboxylate handles along the rigid scaffold of rod 1a using HATU as coupling reagent, TEA as base, and dimethylformamide (DMF) as the solvent of choice. Deprotection of the resulting conjugate 1d with TFA gave the target monomer 1 m , which was purified by semipreparative RP-HPLC. Whereas the electrospray ionization mass spectrometry (ESI MS) of the protected conjugate 1d gave the expected peaks corresponding to [ and 8-10 versus 7). This suggested that the phosphate-enriched lower adducts (entries 2, 4, 17, and 19) originate from TFArich higher adducts by preferred TFA release rather than from preferred phosphate binding.
This situation with K-rich rod 1 m was different from that with R-rich rod 3 m , measured as a TFA salt under similar conditions. 16 With oligoarginines, less charged [entry 1 (1 m ) versus entry 17 (3 m )] and fully "phosphorylated" adducts were observed (entries 2, 4, 7, 11, 17, 19, 22, 26, and 31) . Moreover, the phosphate counteranions of R-rich rod 3 m were not as easily released as with K-rich rod 1 m [e.g., entry 16 versus entry 17]. This suggested that overall reduced anion (phosphate) scavenging by K-rich rod 1 m could indeed result in multifunctional pores with the increased internal charge repulsion required for the desired (n > 1) behavior (Figures 1 and 2, eq 1) .
Rigid-Rod -Barrels with Internal KH Dyads as Pores. The activity of rigid-rod -barrels 1 with internal lysinehistidine (KH) dyads as pores was determined in large unilamellar vesicles (LUVs) that were composed of egg yolk phosphatidylcholine (EYPC) and loaded with the fluorescent probe 8-amino-1,3,6-naphthalenetrisulfonate (ANTS) and the quencher p-xylene-bis-pyridinium bromide (DPX). After addition of KH rod 1 m , the release of fluorophore or quencher from EYPC LUVs ⊃ ANTS/DPX was readily detectable as an increase of ANTS emission. 10, 15 Despite clear disadvantages such as poor sensitivity, the ANTS/DPX assay is, in our hands, ideal for determining c M and pH profiles of synthetic multifunctional pores because of its minimal dependence on pH and anion/cation selectivity. 10, 11, 15 According to the ANTS/DPX assay, the activity of KH pore 1 depended strongly on pH. The bell-shaped pH profile showed a sharp maximum at pH 5 ( Figure 3A) . At pH > 5.0, the activity of KH pore 1 decreased like that of other H-rich pores 2-4. 10,15 At pH < 5.0, the activity of KH pore 1 decreased like that of K-rich rigid-rod -barrel pores. 15 The observed pH profile of pore 1, therefore, suggested that the contributions of internal lysines and histidines to pore function are roughly additive. The ICR model (i.e., maximal pore activity at intermediate internal charge repulsion) 15,20 provided a reasonable explanation for this additivity: pore 1 "implodes" at pH >5.0 because of insufficient ICR from spacially remote lysine residues (intrinsic pK a ≈ 10.5) and lacking ICR from histidines (intrinsic pK a ≈ 6.0), whereas "explosion" of KH pore 1 at pH <5.0 isscompared to RH pore 3 or HH pore 2s facilitated by contributions from fully protonated but counteranion-deficient internal lysines to increasing ICR from internal histidines.
Around optimal pH, the c M profile of KH pore 1 in EYPC LUVs ⊃ ANTS/DPX was nonlinear ( Figure 3B ). Fit to the Hill equation (1) gave a Hill coefficient n ) 4.0 ( 0.3. As discussed in the Introduction, this (n > 1) behavior had three significant implications: (1) the active pore is a supramolecule (i.e., a tetramersor, less likely, an octamer self-assembling from a stable dimer, a dodecamer self-assembling from a stable trimer, and so on), (2) this active tetramer is unstable (Figure 1) , and (3) structural studies by conventional methods are not applicable to pore 1 because they will report on the excess inactive monomer 1 m in the system.
In planar EYPC bilayers with an applied voltage of V ) +25 mV, a high-conductance pore with long lifetime was observed together with bursts of nearly identical conductance. As in previous reports, 10,18c we speculated that the labile pores are intermediate to the formation of the inert pores. The mean lifetime of the long-lived single KH pore 1 was τ ) 14.1 s (Figure 4 ). The lifetime of high-conductance pore 1 was, therefore, beyond that of many classical, biological lowconductance ion channels such as gramicidin A. Clearly, the unstable pores formed by rigid-rod -barrels were as inert as expected (Figure 1) . In excellent agreement with -sheet destabilization at high polarization, where strong dipole-potential repulsion may disturb the antiparallel alignment of the backbone amides, 27 the mean lifetime of single pore 1 decreased with (27) increasing voltage to a still quite remarkable τ ) 0.36 s at V ) +125 mV.
The current flowing across single pores showed linear voltage dependence within (100 mV (Figure 4 ). Such ohmic behavior is characteristic for symmetric -sheet secondary structures as in biological and rigid-rod -barrel pores, where the opposing orientation of the backbone amides results in no macrodipole. 3a A conductance g ) 4.98 ( 0.05 nS for the dominant single pore resulted from the slope of this ohmic I-V profile. Elimination of contributions from the resistivity of the recording solution from g ≈ 5 nS using Hille's equation 7 gave a pore diameter d Hille ) 12 Å. Different from the underestimates obtained with low-conductance pores, Hille diameters are expected to reflect the internal space of high-conductance pores like 1 quite accurately. 21,28 d Hille ) 12 Å is the largest Hille diameter found so far for tetrameric rigid-rod -barrel pores. 3a It was consistent with minimal counteranion scavenging expected with internal lysine residues and, consequently, maximal internal charge repulsion to stabilize the large, oriented and multifunctional "nanospace" within pore 1.
Rigid-Rod -Barrel Pores with Internal KH Dyads as Hosts. To combine molecular translocation with molecular recognition, the activity of synthetic multifunctional pore 1 in spherical EYPC LUVs ⊃ ANTS/DPX was assessed in the presence of increasing concentrations of representative guests. As with RH pore 3 (K D ) 150 nM, pH 4.5, K D ) 45 nM, pH 5.5), 22b ANTS/DPX translocation across KH pore host 1 could be efficiently blocked with partially R-helical poly-L-glutamate as a representative guest (K D ) 105 ( 27 nM, pH 5.0, Figure  5A , filled circles). The obtained nanomolar apparent K D suggested that nearly stoichiometric association obscured an actual K D < 150 nM. The Hill coefficient n ) 1.0 ( 0.3 may be indicative for the binding of one polypeptide guest per tetrameric pore host 1. 29 As with RH pore 4 (K D ) 82 µM, pH 6.5), 23c about 3 orders-of-magnitude higher guest concentrations were required to block KH pore host 1 with ATP (adenosine triphosphate; K D ) 240 ( 25 µM, pH 5.0, Figure 5A , empty circles). The obtained Hill coefficient n ) 2.0 ( 0.4 could indicate that binding of two ATP molecules was required to block ANTS/DPX translocation across tetrameric pore host 1. 29 KH pore 1 could not be blocked with the nonfluorescent pyrene-1, 3, 6, at detectable concentrations (K D > 10 µM). Nevertheless, the adaptability required for applications of synthetic multifunctional pores as enzyme sensors 23 was confirmed for KH pore 1 by the differences found in the molecular recognition of poly-L-glutamate, ATP, and PTS.
Molecular recognition by KH pore hosts 1 not only blocked the efflux of large organic anions (ANTS) and/or cations (DPX) through KH pore hosts 1, it also hindered the translocation of small inorganic cations (potassium) and anions (chloride). The macroscopic conductance of planar EYPC bilayers doped with pore hosts 1 was strongly reduced in the presence of increasing concentrations of HPTS 6 ( Figure 5B ). The high K D ) 190 ( 10 µM obtained from Hill analysis of the dose response curve at V ) +100 mV was consistent with the poor blockage observed with PTS in spherical bilayers. This comparably poor host-guest interaction with KH pore 1 was clearly different from HPTS blockage of HH pore 2 (K D ) 0.2 µM), RH pore 3 (K D ) 3.0 µM), and RH pore 4 (K D ) 3.0 µM) as well as the K M ) 0.6 µM obtained for the esterolysis of AcPTS 5 by KH catalyst 1 (see below). The high Hill coefficient n ) 4.9 ( 1.0 found for HPTS blockage of pore 1 supported the view that multiple guest binding may be required to block the unusually large KH pore 1, whereas high-affinity binding of one pyrene-1,3,6-trisulfonate substrate at the inner barrel surface may suffice for catalysis.
Rigid-Rod -Barrels with Internal KH Dyads as Catalysts. The catalytic activity of rigid-rod -barrel 1 was evaluated using AcPTS 5 as established model substrate (Figure 2 ). 14,21,24 Esterolysis of substrate 5 was continuously detectable by monitoring the increase in the fluorescence emission of the product HPTS with time. 14, 21 The dependence of the esterolytic activity of rigid-rod -barrel 1 on pH was comparable to the pH profile of rigid-rod -barrel 1 as pore ( Figure 6A , filled circles, versus Figure 3A) . The pH profile of KH catalyst 1 was similar to that of HH catalyst 2. 14 For complete comparison, the pH profile of RH catalyst 3 was determined ( Figure 6A , empty circles). Different from KH and HH catalysts 1 and 2, the catalytic activity of RH catalyst 3 did not decrease between pH 5.5 and pH 6.8 (above pH 6.8, precipitation was observed). This suggested that the loss in catalytic activity with increasing pH may originate from neutralization of internal, proximal histidines (2, intrinsic pK a ) 6.0) and lysines (1, intrinsic pK a ) 10.5) but not arginines (3, intrinsic pK a ) 12.5). This reduction of the number of cations at the inner barrel surface with increasing pH may either reduce the interaction with the anionic substrate 5 orsaccording to the ICR model 20 sdestabilize the active suprastructure.
Direct experimental evidence that the active catalysts are tetrameric barrel-stave supramolecules (rather than monomeric peptide-p-octiphenyl conjugates) was obtained, for the first time, with the c M profile of catalyst 1 ( Figure 6B, filled circles) . The nonlinear dependence of the initial velocity of product formation on the concentration of monomeric peptide-poctiphenyl conjugate 1 m gave a Hill coefficient n ) 3.7 ( 0.2 that was indicative for unstable tetramers as active supramolecular catalysts ( Figure 6B, solid) . The stability of rigid-rod -barrel 2 known from pore characterization (n ) 1.0, Figure  1) was reflected in the c M profile for catalysis (n ) 0.9 ( 0.1, Figure 6B, dotted). Interpretation of the tetrameric, unstable and "invisible" KH catalysts 1 as aqueous rigid-rod -barrel prepores with a suprastructure similar to that of the KH pores 1 in the bilayer was supported by identical stoichiometry and thermodynamic instability (Figure 1 ). Supramolecular catalyst and supramolecular pore were, therefore, in all likelihood the same multifunctional rigid-rod -barrel 1. The remarkable consistency throughout the characteristics of multifunctional pores 1-3 suggested that this conclusion applies for the more stable pores 2 and 3 as well, although direct evidence for supramolecular function from c M profiles was not available in these cases because of higher thermodynamic stability. Variation of substrate concentration at constant catalyst concentration and pH revealed the Michaelis-Menten constant K M ) 630 ( 97 nM ( Figure 6C ). This remarkable substrate recognition by KH catalyst 1 was as for HH catalyst 2 (K M ) 700 nM) 14 and 10 times better than for RH catalyst 3 (K M ) 6.1 µM). 24 The k cat ) 0.03 min -1 of KH catalyst 1 was, however, clearly below that of HH catalyst 2 (k cat ) 0.13 min -1 ) and RH catalyst 3 (k cat ) 0.24 min -1 ). This unusually low k cat was consistent with the endergonic self-assembly of the supramolecular catalyst 1 identified with a nonlinear c M profile ( Figure 6B) . Specifically, the assumption of a k cat ′ ≈ 0.18 min -1 for an active supramolecule like that of HH and RH catalysts suggested c B ′ ≈ V MAX /k cat ′ ) (k cat c M /4)/k cat ′ ) 62.5 nM as the effective concentration of KH catalyst 1 at c M ) 1.5 µM. This result implied c M ′ ) c M -4c B ′ ≈ 1250 nM as excess monomer under these conditions. These effective monomer and tetramer concentrations corresponded to an approximate monomer/barrel
for the active supramolecule 1 was compatible with endergonic self-assembly at the concentrations relevant for multifunctionality.
The K M ) 0.6 µM for esterolysis of AcPTS 5 by KH catalyst 1 was more than 2 orders of magnitude lower than the K D ) 190 µM for the blockage of KH pore 1 in planar bilayers by HPTS. This is the first time that such a difference between molecular recognition and catalysis was observed with multifunctional rigid-rod -barrels. Although the origin of this difference is unknown, its coincidence with an exceptionally large inner pore diameter and an exceptionally high Hill coefficient for HPTS blockage (n ) 4.9) may be more than accidental. Indeed, molecular simulations supported the view that the origin of the high conductance of pore 1 may be not only the absence of immobilized internal counteranions but also a swelling of the rigid-rod -barrel tetramer in response to high internal charge repulsion. Above results suggested that the structure of the inclusion complex accounting for pore blockage may be different from that accounting for catalysis. The possibility of different orientations for included pyrene-1,3,6-trisulfonates is illustrated in modeling studies below ( Figure  7B ,C). Alternatively, it was conceivable that multiple pyrene-1,3,6-trisulfonate binding may be needed for pore blockage, whereas single AcPTS binding may suffice for catalysis. This explanation was supported by n ) 4.9 for HPTS blockage. 29 Molecular Modeling of Multifunctional Rigid-Rod -Barrel with Internal KH Dyads. The demonstrated experimental inaccessibility to structural information on rigid-rod -barrel pore 1 identified molecular modeling as a unique resource for insights on supramolecular multifunctionality at the molecular level. Therefore, rigid-rod -barrel 1 was constructed using Maestro modeling software. 30 Imitating the synthesis of barrel 1 (Scheme 1), four peptide-p-octiphenyl conjugates 1 m were constructed first and then assembled to give the supramolecular tetramer. Taking counteranion-mediated charge neutralization and the ICR model into account, only every second internal lysine was protonated before preliminary geometry optimization using the MMFF94 force field 31 as implemented in the MacroModel package. 32 The energy-minimized rigid-rod -barrel 1 had a height of 32.4 Å, a mean backbone-to-backbone diameter of 35 Å, and a minimal inner van der Waals diameter of 16.2 Å ( Figure 7A ). The inner pore diameter was in excellent agreement with the experimental Hille diameter d Hille ≈ 12 Å. -Barrel 1 had an M-helical twist of 20°. In a hypothetical rigid-rod -barrel of infinite length, this nearly negligible helicity would give rise to a helix with 144 -strands per turn, i.e., a helical pitch of about 58 nm corresponding to 18 barrels on top of each other. The preferred biphenyl torsion angles ω ≈ 123°in the p-octiphenyl staves accounted for the circular, truly barrel-like appearance of tetramer 1 viewed from the top. Preliminary results indicated that uniform isomerization to energetically conceivable biphenyl torsions ω ≈ 57°sin response to, e.g., reduced internal charge repulsionswould produce contracted conformers with drastically reduced inner diameter. Possible strain from the suppressed, intrinsic -sheet helicity 33 may account for some local asymmetries in barrel 1; refined simulations will be needed to evaluate their relevance.
Possible inclusion complexes of AcPTS 5 within supramolecular catalyst 1 were simulated by docking of the substrate between the first and second -sheet hoops with the pyrene plane either perpendicular (i.e., inclusion complex 1 ⊃ 5 ⊥ , Figure 7B ) or parallel to the long barrel axis (1 ⊃ 5 ) , Figure 7C ). Before docking, AcPTS was optimized with the density functional Figure 7 . Three-dimensional structure optimized by MacroModel (MMFF94) of rigid-rod -barrel 1 (lysine protonation 50%, histidine protonation 0%) in side view (left) and axial view (right) without guests (A) and with AcPTS (sulfonate protonation 0%) bound perpendicular (B, 1 ⊃ 5 ⊥ ) and parallel to the long barrel axis (C, 1 ⊃ 5 ) ). Side views are wire presentations (O, red; N, blue; C, green; H, gray) with p-octiphenyls (A, black) and AcPTS highlighted in ball-and-stick (B, C: O, red; S, yellow; C, green; H, gray). Axial views show electrostatic potentials mapped onto solvent-accessible surfaces (blue, electron-poor; red, electron-rich) with (B, C) semitransparent surface to reveal barrel and AcPTS in wire and ball-and-stick presentation, respectively. theory (DFT) 34 and B3LYP/6-31G* method. 35 After this initial optimization, substrate 5 was frozen in the DFT geometry. In other words, substrate 5 was considered as the rigid body during the optimizations of complex 1 ⊃ 5 ⊥ by MMFF94 force field. To obtain complex 1 ⊃ 5 ⊥ , DFT-optimized AcPTS was docked at the barrel entrance, spanning the interior to interact with charged residues from opposing -sheets. During optimization, the substrate 5 moved into the pore to end up 10.8 Å from the channel entrance ( Figure 7B ). Asymmetric barrel contraction reduced the minimal internal diameter on the substrate side from 16.2 to 10.4 Å. This asymmetric barrel contraction into a coneshaped conformation originated from complete inward extension of the internal lysine residues to reach the substrate for ion pairing and multiple, bilateral H-bonding between two ammonium cations per sulfonate anion (average N-H‚‚‚O distance ) 2.6 Å). These changes provided a compelling illustration for likely contributions from supramolecular adaptability and guest templation to pore blockage.
During optimization of 1 ⊃ 5 ) , vertical movement of B3LYP/ 6-31G* optimized substrate 5 from the barrel entrance toward the barrel center as with 1 ⊃ 5 ⊥ coincided with a lateral displacement from one -sheet surface to the interface between adjacent -sheets ( Figure 7C ). Inclusion complex 1 ⊃ 5 ) exhibited complementary characteristics compared to 1 ⊃ 5 ⊥ with regard to negligible barrel deformation and poor blockage. This complementarity confirmed that molecular recognition within synthetic multifunctional pores may occur with or without a strong influence on molecular translocation (i.e., blockage), whereas catalysis appeared possible in both cases (i.e., histidine-carbonyl distances around 5 Å compatible with nucleophile or base catalysis with possible electrophile activation and transition-state stabilization by ammonium cations near the carbonyl oxygen). Much room left by these initial simulations is currently explored with emphasis on the impact of biphenyl torsions, internal charge repulsion, guest templation, guest diversity, solvents, bilayer membranes, and molecular dynamics on barrel structure. Particular emphasis is on multiple guest/ substrate binding to ultimately simulate synthetic catalytic pores (i.e., substrate transformation during transmembrane translocation), 17 including the recent concept that blocker efflux through blocked pores may translate the mechanism of selectivity of biological ion channels 36 to organic chemistry within synthetic multifunctional pores. 37
Conclusions
Rigid-rod -barrels 1 with internal lysine-histidine dyads complete a comprehensive collection of synthetic multifunctional pores that now covers all possible combinations of thermodynamic and kinetic stabilities (Figure 8 ). The power of bacterial pore-forming toxins underscores that endergonic self-assembly from hydrophilic monomers into inert synthetic multifunctional pores 1 is ideal for practical sensing applications because too stable pores (such as 2 and 3) tend to precipitate rather than to partition into bilayer membranes, whereas too labile pores (such as 2 and 4) are useless as single-molecule sensors.
One attractive characteristic resulting from the rationally designed inertness of rigid-rod -barrels 1, on one hand, is their long lifetime as single, multifunctional and large, i.e., highconductance, pores. Attractive characteristics resulting from the instability of rigid-rod -barrels 1, on the other hand, include access to unprecedented experimental evidence for supramolecular multifunctionality, expressed in n ) 4.0 for pore 1 and n ) 3.7 for catalyst 1. Experimental support is provided for minimal internal counterion immobilization and, as a consequence, maximal internal charge repulsion to account for the large inner diameter of pore 1 (d ≈ 12 Å). Multiple binding of several small (HPTS, K D ) 190 µM, n ) 4.9) but not single large blockers (polyglutamate, K D e 105 nM, n ) 1.0) may be required to "fill" this large, swollen internal space of highconductance KH pore 1, whereas molecular recognition of single small substrates may suffice for catalysis (AcPTS, K M ) 0.6 µM). Supported by preliminary results from molecular modeling, we conclude that the multifunctional rigid-rod -barrel pores 1 reported herein offer a superb platform to study chemical processes that take place within their confined, oriented, inert, and functionalized internal nanospace.
